In this study, the synthetic jet position was optimized to obtain the maximum rate of heat transfer and the best state of temperature uniformity on a heated surface in micro-channels. Based on micro-channel length, several cases were simulated to investigate the effects of synthetic jet position on the heat transfer rate and temperature uniformity. After that, the synthetic jet position was optimized using the CFD results and the GMDH-MOGA optimization code. The obtained results show that the synthetic jet placement in all longitudinal positions of micro-channel increases the heat transfer rate, although the improvement of temperature uniformity of heated surface decreases at some positions as compared to the micro-channel without synthetic jet. The optimization results show that for obtaining the maximum value of heat transfer and the best state of temperature uniformity on the heated surface, the dimensionless longitudinal position of synthetic should be between 0.45 and 0.65. The maximum rate of heat transfer and the best state of temperature uniformity have been observed in the vicinity of lower and upper bounds of this range, respectively. 
INTRODUCTION
The quest for high performance microprocessors and consequently high power consumption and high heat generation have encountered the manufacturers with a significant challenge of heat dissipation. Moreover, the spatial and temporal power variations of the processors lead to non-uniformities in the temperature distribution as well. This causes high thermal stresses in the device which is detrimental to its performance and reliability . Therefore, desired heat dissipation and obtaining temperature uniformity using modern cooling techniques can improve energy efficiency and performance coefficient.
Because of high heat generation in microelectronic equipment and low capacity of laminar airflow for heat transfer, it is necessary to use turbulent fluid flow for cooling process (Qu et al., 2000) . Simultaneous use of water and synthetic jet for cooling is a new and interesting concept in which many researches are underway. This method increases the cooling capacity as compared to the aircooling method. Synthetic jet consists of a cavity and a fluctuating membrane or reciprocating piston that is connected to the microchannel main flow using a slot, orifice or a small nozzle. The suction and blowing of the flow into and out of the cavity by membrane fluctuation or piston movement, increase the local momentum and cause turbulence in the microchannel flow.
Several studies have been carried out numerically as well as experimentally to investigate the effects of synthetic jets on the heat transfer process. Lee et al. (2005) investigated the thermal behavior of singlephase flow in a rectangular microchannel for several geometries and Reynolds numbers both experimentally and numerically. They reported a difference of 5% between the experimental and numerical results. Chaudhari et al. (2010) experimentally investigated the effect of the shape of the orifice of a synthetic jet on impingement cooling of a heated surface. They found that the heat transfer enhancement with a square orifice was larger than that with rectangular and circular shape at a large axial distance. Lee et al. (2012) developed a three-dimensional computational model to investigate the interaction of two synthetic jets with cross flow in micro-channel. They found that the addition of one synthetic jet provides greater mixing of flow in the micro-channel than those with single synthetic jet. They also reported that the structure of the flow in microchannel is strongly dependent on the period of the oscillation of the membrane of the synthetic jet actuator.
Rylatt and O'Donovan (2013) experimentally investigated heat transfer to confined, un-ducted and ducted impinging synthetic air jets. They have shown that increasing the length of the confining plate reduces the cooling performance by up to 14% in the stagnation region and 8% on an area averaged basis. Xia and Zhong (2014) enhanced the laminar flow mixing between two parallel water streams, which were injected into a rectangular channel using a pair of staggered lateral synthetic jets located on the opposite walls of the mixing channel. Their results have shown that an excellent mixing is obtained when a relatively high value of frequency or stroke length is used. Yu et al. (2014) experimentally and computationally investigated the integration of agitators and synthetic jet within air-cooled heat sink to significantly augment heat transfer performance. Their results have shown that the combination of the agitators and synthetic jets raises the heat transfer coefficient of channel by 82.4%, compared with the same channel having channel flow only. Yuan-Wei et al. (2014) investigated the effects of geometric parameters and excitation frequency of the actuator on the synthetic jet fluidic characteristics by utilizing a two-dimensional unsteady Reynolds-Averaged Navier-Stokes (URANS) model. They have shown that the geometric parameters of the actuator, such as the cavity depth and diameter, as well as orifice thickness and diameter, have important influences on the synthetic jet fluidic characteristics. Lehnen et al. (2016) investigated the cooling effect of a single synthetic jet impinging directly on a heated surface in a 2-D numerical simulation. They examined several test cases involving changes in the distance between the heated surface and the jet source, jet Reynolds number, pulsing frequency and Prandtl number. They reported that the synthetic jet forms a circulation cell similar to a steady jet but with more fragmented vorticity. Jeng and Hsu (2016) experimentally examined the mixed convection heat transfer characteristics of a horizontal heated plate with the impinging cooling of down-blowing or upblowing synthetic jet. Their experimental results showed that at a specified Reynods number, the Nusselt number of various models basically increased with relative impingement distance. They established an empirical Nusselt correlation of mixed convection in terms of Reynolds number and Grashof number at various relative impingement distances applicable to heat transfer analysis and optimal design of synthetic jet device.
The fundamental behavior of synthetic jet flow and its role in heat transfer enhancement have been investigated by Silva-Llanca et al. (2017) . They proposed a new definition of the Reynolds number that represents the strength of the jet. They also reported that the jet-to-surface distance should be optimized based on vortex intensity. Effects of arrangement and phase difference of diaphragm oscillation of three synthetic jets on thermal behavior of flow in a microchannel have been studied numerically by Khaleghinia et al. (2017) . They reported that the position of synthetic jets and their phase difference of oscillation are effective on heat transfer enhancement.
The position of the synthetic jet in a micro-channel is one of the important parameters that no consideration has been given to its optimal value yet. In the present study, the position of synthetic jet whose outflow interacts with the water cross-flow of micro-channel was optimized for the heat transfer enhancement and uniformity of temperature distribution on a heated surface based on microchannel length variations.
NUMERICAL SIMULATION AND VALIDATION
In order to obtain the effects of synthetic jet position on heat transfer enhancement and temperature uniformity, four lengths of micro-channel in the range of 4 to 10mm, in which synthetic jet had operated at different longitudinal position, were simulated using two-dimensional numerical method. Numerical investigation has been performed using finite volume method in both laminar and turbulent flow regimes.
Figure1 shows

Fig. 1. Geometry of micro-channel and synthetic jet.
the parametric geometry of micro-channel and synthetic jet. All of the cases that were investigated numerically were listed in Table 1 . Governing equations including continuity equation, momentum equation and energy equation were solved using finite volume method. The SIMPLE algorithm was employed for the velocity-pressure coupling. The second order Upwind scheme was applied for the discretization of the convection term in the momentum equation. The four-equation SST turbulence model has been used to capture the turbulences in the flow field. Since the range of fluid temperature was not big, and its small effect on the fluid properties had no significant effect on the comparison results, the variation of fluid properties with temperature was ignored in this study. The converged solution of the steady state stage (microchannel without synthetic jet) was used as the initial solution of the transient stage. The transient calculations started from the diaphragm stationary condition at * = 0, and diaphragm would reach to its highest and lowest point at * = 0.25 and * = 0.75 , respectively. A dynamic mesh has been employed for the diaphragm oscillation according to:
where and have been shown in Fig. 1 and , A and f are the diaphragm length, oscillation amplitude and frequency, respectively. Dimensionless time variable is defined as:
where t indicates time and P T represents the oscillation period of membrane. The grid size as well as time step size independency was investigated by comparing the temperature distribution over the heated wall for different mesh setups and several time step sizes (Figs. 2 and 3) . The optimal mesh (43528 cells for L=4mm) and time step size ( 36 P T / for the all lengths) were chosen for the final analysis of flow field. This process has been repeated for all lengths of microchannel. The CFD results were compared to those of Sinclair et al. (2008) and Lee et al. (2012) for validation.
Comparison of the variations of the centerline velocity and the circumferential Nusselt number over solid-fluid interface wall indicates a very good agreement between results (Figs. 4 and 5). Figure 6 shows the vortices formation, their movement in the microchannel and their effects on the solid temperature. In the blowing stage, when the diaphragm moves toward the orifice, a pair of vortex rings are formed in the microchannel near the synthetic jet orifice ( Fig. 6(a) ). At the end of blowing stage, the diaphragm reaches to its maximum amplitude. The vortices collide with the heated wall with their maximum strength. The continuity of hydraulic and thermal boundary layers is interrupted by the vortices, and the temperature of heated wall decreases rapidly close to the collision region ( Fig. 6(b) ). The vortices should be away from the synthetic jet orifice before the starting of suction stage, otherwise, they can be ingested back into the cavity and the cooling performance of synthetic jet will be seriously decreased. With the starting of suction stage, the vortices will be weaker and gradually dissipate along the microchannel (Figs. 6(c) and (d)). These processes are repeated during the each cycle of oscillation of synthetic jet diaphragm. The CFD results show that the amount of heat transfer due to the synthetic jet performance is highly dependent on its location and the vortices strength.
Figures 7 and 8 show the temperature distribution over the heated surface for two lengths of microchannel (L=4mm and L=10mm). In short microchannels, there is no sufficient length for the growth of interrupted boundary layer in the up-and downstream of synthetic jet location. The turbulence in the microchannel flow and the boundary layer interruption caused by the synthetic jet performance can lead to a decrease and uniformity in the temperature of the heated surface at the both sides of synthetic jet location (Fig. 7) . In almost all of these cases, the placement of synthetic jet in each longitudinal position of microchannel causes more decrease and better uniformity in the heated wall temperature as compared to the microchannel without synthetic jet.
If a synthetic jet is placed close to the inlet of a long microchannel, the interrupted boundary layer can redevelop in the downstream of synthetic jet location, and consequently, the surface temperature increases along the microchannel like as a microchannel without synthetic jet (Fig. 8) . In a long microchannel where the synthetic jet has been located near its outlet, the boundary layer develops near the heated wall over a large length of microchannel in the upstream of synthetic jet. In addition, the vortices formed by the synthetic jet, leave microchannel rapidly. Thereby, the synthetic jet performance has no significant effect on the heat transfer enhancement. In these cases, the placement of synthetic jet in the middle region of the microchannel can somewhat prevent the boundary layer development and improve the heat transfer rate as compared to the microchannel without synthetic jet. Local cooling caused by the synthetic jet can lead to a decrease in the temperature uniformity of heated wall in long microchannels. To achieve a suitable temperature over a long heated surface, the use of two or more synthetic jet has been recommended. 
and unsteady and steady states refer to the states when the synthetic jet is active and inactive, respectively. In order to obtain the relative improvement in temperature uniformity, the standard deviation, which indicates the temperature deviation of different points of heated wall from its average temperature, is defined as:
The percentage of temperature uniformity, X , is calculated as:
The relative improvement in temperature uniformity on the silicon-water interface wall, 
GROUP METHOD OF DATA HANDLING (GMDH) NEURAL NETWORK
The GMDH algorithm is the heuristic selforganization method which can be applied for forecasting and optimization of complex systems. This algorithm consists of several layers. In each layer different pairs of neurons are connected through a quadratic polynomial, and generate new neurons in the next layer. Each model can be presented by means of the generated neurons. 
where M is the number of calculated multi-input, single-output data pairs (Shirmohammadi et al., 2015; Nariman-Zadeh et al., 2005 
In order to obtain the acceptable predictions, the squared difference between the actual (CFD results) and predicted output must be minimized as:
A complicated discrete form of Volterra series is utilized to obtain a general relation between input and output variables as:
which is known as the Kolmogorov-Gabor polynomial. For two variables, the above full form of mathematical description can be represented by a partial quadratic polynomial as follows: 
This procedure is repeated in the next hidden layer for each neuron in accordance with the connectivity topology of the network. Singular Value Decomposition (SVD) is utilized to solve such linear least squares problems that some singularities might occur in the normal equations. This technique has been completely explained by Shirmohammadi et al. (2015) .
Two types of the GMDH neural network are defined as CS-GMDH and GS-GMDH. In the CS-GMDH neural networks, the neurons only between adjacent layers are connected to each other ( Fig. 9(a) ). Whereas, In the GS-GMDH, each neuron in different layers can connect to the other neurons, which are not necessarily in the same layer ( Fig. 9(b) ). CS-GMDH and GS-GMDH neural networks can be transformed to each other using crossover and mutation processes (Nariman-Zadeh et al., 2003; Shirmohammadi et al., 2015) .
GMDH-TYPE NEURAL NETWORK MODELLING OF HEAT TRANSFER IN MICRO-CHANNEL
The multiple input-single output data pairs used in the present work were obtained from CFD simulation. The inputs consist of three variables, namely the length of micro-channel ( ), the dimensionless distant of the jet outlet from the micro-channel inlet ( / ) and the dimensionless distant of the jet outlet from the micro-channel outlet ( 1 − / ), which the two recent variables are dependent on each other. The outputs consist of two variables, namely the relative decrease in average temperature ( R  ) and the relative improvement in temperature uniformity of heated wall ( R X ).
Fig. 9. Network structure of chromosome. (a)CS-GMDH type, (b)GS-GMDH type.
Table 2 includes of a total 28 data series, which have been calculated using numerical simulations to train and test such GMDH type neural networks. These data series have been employed for training and testing stages. In the training stage, the 21 of 28 data series which calculated for micro-channel lengths of 4mm, 7mm and 10 mm, have been applied to derive a GS-GMDH algorithm. In the testing stage, the seven input-output data pairs in length of 6mm that have not been used throughout the training process, were utilized for validating correlation obtained from the training process.
The structure of two hidden layer GS-GMDH-type neural network for R  and R X are shown in Figs. 10 and 11, respectively. 
MULTI-OBJECTIVE OPTIMIZATION
Multi-objective optimization has been defined as finding a vector of decision variables satisfying constraints to give acceptable values to all objective functions (Deb et al., 2002) . In this paper, two such objectives, namely R  and R X are considered simultaneously for multi-objective optimization.
Both the two objective functions should be maximized in a certain range of micro-channel length and dimensionless longitudinal positions of synthetic jet as: Figures 14 and 15 show that the heat transfer rate due to synthetic jet has decreased with increase of microchannel length in the range of 4 to 10 mm, but the temperature uniformity has increased in the same range, instead. These figures also show that the best dimensionless position of synthetic jet is about 0.4 to 0.7. This was confirmed by Pareto front obtained from the multi-objective optimization model (Fig.  16) . Moreover, the maximum value of heat transfer rate has been observed in the vicinity of / equal to 0.4, and its value has decreased with increase of / as has been illustrated in Fig. 16 . In the vicinity of / equal to 0.7, the heat transfer rate and the temperature uniformity reached to their minimum and maximum values, respectively. Therefore, the Pareto front can be used to obtain the optimum position of synthetic jet in the microchannel.
CONCLUSION
The position of a synthetic jet has been optimized using numerical results in micro-channels. At first, the flow field and heat transfer of four microchannels with different lengths equipped with a synthetic jet have been investigated numerically. Then, the position of synthetic jet has been optimized using CFD results, GMDH method and GA algorithm to obtain the maximum heat transfer rate and best state of temperature uniformity of a heated wall. The heat transfer rate and the temperature uniformity of heated wall have been changed by the changes of synthetic jet position from micro-channel inlet to its outlet. Placement of synthetic jet in the vicinity of the micro-channel inlet and outlet, had no much effect on the heat transfer process as compared to micro-channel without synthetic jet. The effects of synthetic jet were noticeable in a certain range of micro-channel length. This range for the dimensionless ratio of / was between 0.4 and 0.7 in the microchannels with a length of 4 to 10mm.
